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ABSTRACT

In an effort +to explore the possibility af building
compact naval steam condensers, an experimental apparatus
vas designed and constructad +to stuly enhanced condensation
heat transfer of steam on horizontal tubes. Special care
vas taken to ensure a leak-tight apparatus so that the non-
condensable gas content of the steas <can be kept ¢to a fou
parts-per-aillion. The boiler and steam piping is made of
glass and stainless steel with rubber gjaskets. copper is
used for the condensing tabes, The completed system has

been tested satisfactorily at full power.
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I. IMIRODNCTION

A. SIGNIFICANCE

Sarface condensers pl;y an important role in marine
propulsion and improved haat transfar in a steam condenser
can reduce condenser size, and thersfore cost, for a given
heat 1load. Various umeestings have addressed the need=d
research vhich nmust be performed in order to attain t s
improvesent in surface condenser perforsance [(Raf. 1,2,3)

In recent years, there has been an increased avaren -
regarding the use of enhanced heat transfer surfaces in the
design of heat exchangers (Ref. 2,4,5,6,7]). ¥ebb [Ref. 8]
in 1980 provided an excellent reviev of enhancement methods
for particular use in condensers. In general, these methods
may be divided into tube-side enhancement (on the cooling
vater side) and shell-sile enhancement (on the steam side)
techniques. Enhancement >n the tub2 side has been reviewed
by Bergles and Jensen [{Ref. 9] in graat detail. Shell-side
enhancement has included surface coatings, low integral

fins, fluted tubes and ropad tubes.
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The largest thermal resistance to heat flow in conven-
tional surface condensers is usually on the water side, but
a significant portion of the overall resistance exists on
the shell side. As water-side enhancement occurs, the need
to enhance on the shell side goes up. A variety of tubes
have been proposed which allov enhancement on both sides at
the same tinme, It has been founi, however, that the
preferred tube shape for one side of the tube is not neces-
sarily best for the other side. It is iamportant therefore
to examine independently the best enhancement technigques on
both sides.

During the past several years, a research effort has
been underway at the Naval Postgraduate School to aodel
staam surface condensers and analyze <their thermal perfora-
ance using numerical techniques [Ref. 10,11,12]. ¥um~Tous
computer runs have been made to examine which combination of
inside and outside enhancements gives the most dramatic
improveaent. With this prelimipary information, it is felt
that steam-side enhancesent technijues should be further
studied to determine the ultimate h2a+ transfer improvement

vhich can be reasonably expected on the steam side.
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B. OBJECTIVE

The specific objective cf this thesis was to design and
construct an experimental apparatus that could accept tubes.
vith several different surface enhaacement techniques so as
to be able ¢to study enhanced coniensation heat transfer
processes on the outside of horizontal condenser tubes.
Both filmwise and dropwise modes »>f condensation can be

studied wvith the overall 2bjective of establishing the most

effective and reliable means of enhancesment.
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II. DESCRIPTION JF EXRERINENTAL APPARATUS

A. OVERVIEW OF SYSTEN

Pigure 1 is a schematic represantation of <the experi-
mental apparatus. All major componants were made of stain-
less steel or glass to avdoid contamination probleas, and to
facilitate thorough cleaning. A suitable gasket material
was chosen to minimi7e leakage and outgassing effects.

Steam generated in the boiler flows vertically downward
over the test tube to an 2uxiliary condenser. Special care
vas taken to ensure a leak tight apparatus so that the non-
condensing gas content of the steam can be kept to a few
parts-per-aillion (ppm). A double glass window, heated by
hot air to prevent fogging, is wused in the test section so
that the mode of condensation can be obhserveld and photo-
graphs (both still and adtion pictare) of all important
phenosera may be taken.

Figure 2 is a photograph of the experimental apparatus.
The apparatus can be diviied into eight major components: 1)
the condenser test section, 2) the boiler, 3) the steanm
piping, %) the dump condenser, 5) the auxiliary section and

feed piping, 6) the support systems and 7) instrumentation.

13
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B. CONDENSER TEST S!C;IIOI

The condenser test section is aade of stainless steel
six inches in diameter and 18-inches lon;. It is shown in
the top of Pigure 3. FPlanges on ths top and bottom provide
for connection to the upper glass section and lower aux-
iliary section with eight 3/8-inch bolts and eight
Belleville spring washers on each bslt. Bellaville spring
vashers are used on all bolts ¢to snsure ¢tightness during
thermal cycling of the complete systea. Pigure 4 shows a
schematic of the details of the test section. The test tube
is centered in the aiddle of ¢the ta2st section. The test
tube has an active length of 5 1/2 inches and can have an
outside diameter of up to 2 inches, with the ands S/8-inch
in diameter to fit ths standard aylon bholding rings.
Pigures 4 and S show details of the test tube and nylon
holding rings. These nylon holding rings provide 3 O-ring
seals for system tightness. Lips, that can be seen in
Pigures 5 and 6, are proviled on the holding ring to prevent
any condensate ¢that might be on the2 wall from draining on
the test tube. The test tube is insulated with a nylen
vasher at the inlet ¢to the test tube and a nylon water
passage on the outlet to prevent axial heat conduction froa

the test tube. The water inlet area shown in Pigure 4 was

1w
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modified to include a nylon washer so that the water flow
would be uninterrupted. Hater froa the test tube is dumped
to the drain. A nylon aixing chamber, shown in Pigures 7
and 8, was designed to mix the water leaving the test tube
SO that accurate average cd>olant teamperatures could be meas-
ured. Water flows through a 3/8-inch center hole, then
flows radially outward outward to a set of four holes.
These four 1/4-inch diameter holes are on a S5/8-inch diam-~
eter hole circle. fater then flows inward and through a
3/8~-inch center hole. A % 1/2-inch diameter, double glass
window heated by hot air to prevent fogging is provided for
visual observation of the test section. This windowv can
also provide access to the condenser tube when it is mounted
in place. A 1/2-inch djiameter stainless steel tube for
pressure measguyrements is welded on an angle to <the upper
half of ¢the test condenser to prevent condensate from
collecting in the tube.

Three design considerations dictated the condenser test
section size. Dropwise promoting coatings are limited ¢o
6~inches in length due to the size of vacuum furnaces avail-
able for vacuua deposition of the enhancement coatings.
Steam velocity msust be greater than 3 ft/s under all condi-

tions to sveep away noncondensable jases and prevent stag-
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nat;ng regions. Cost of the overall systea liaited the
maxisuns si;e of the steam piping to 5-inches in diameter. In
addition, the length oé the test tube determines the “‘emper-
ature rise of the cooling water, vhich under some operating
conditions, will be on the order 5f 1 degree Pahrenheit.
(See Appendix C.) An error of one tanth of a degree in %his
teaperature rise would give a 10X arror in the heat flow
calculation. To minimize the experimental errar, the tube
should be as long as p;ssible. Boiler heat capacity, steaa
velocity and test <tube diameter are all dependent upon one
another. A six inch diameter test section was selected and
the active length of tube was chosen to be 5 1/2 inches to
ensure a uniform steam velocity across the test tube without
interference from the test section wall and to increase the

accuracy of the data.

C. BOILER
The boiler section was constructed using two pieces of
Corning Pyrex glass and a stainless steel plats with iamer-
sion heaters.
1. Qutside Egvelope
Pigure 9 shows *he details of the bottom plate. The

bottom is 16.75-inches in diameter and was constructed from

16
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1/72-inch thick 304 stainless steel. The center vas drilled
and tapped to accept a standard 1-inch stainless steel
Swagelok male connecter for the condensate return line to
the boiler. Ten 23/32-inch diameter holes on a 8.46-inch
diameter circle vere drilled and tapped to accept the immer-
sion heaters. For connection to th2 glass section, sixteen
1/2-inch diameter holes were drilled on a 15.5-inch diameter
circle.

Tvo sections of Corning Pyrex glass mazke up the rest
of the outside shell of the boiler. (See Pigure 10.) The
bot toa glass section is 12~inches in diameter and
19. 2-inches long. The next section 2f glass is a 12-inch to
6-inch reducer, 12-inches high. The amaximum vorking pres-
sure to prevent breakage recommended by Coraning for the
bottom glass section is 10.5 psig. All other glass compo-
nents have higher pressure ratings, so 10.5 psig 1is the
maxisua pressure limit of the apparatus. All systesm compo-
nents can operate under all vacuua conditions. Buna N
rubber gaskets are used between all components. They have
an allowable temperature range from =65 to 212 dJegrees
Fahrenheit and a lov outgassing rate. Cast iron flanges
with an epoxy coating finish and inserts fit over the glass

for connecting glass coasponents ¢S5 one another. Bach

17




12-inch diameter connection uses twelve 3/8-inch diameter
3-inch long bolts with 8 Belleville spring washers on each
bol t.
2. Iameraioqn Heaters

Ten Watlow 4000-vatt, 48)-volt stainless steel
sheathed heaters are used. Each heater is S5/8-inch in diam-
eter and 11-inches long and has ; 1/72- inch stainless steel
threaded fitting for conaection to the boiler base plate.
All heaters are electrically connectad in parallel. Heater
selection and a six inch diaseter tast section insures that
the steam velocity would be greatec than 3 ft/sec. See

Appendix B for steam velocity calculations.

D. STEAN PIPING

The 6-inch diameter Corning glass steam piping consists
of 2 straight sections, 96-inches and 60-inches 1lomng,
respectively and two 90-degree mitered ell fittings. The
largest pipe is on top of the boiler, followed by the two
ell fittings, and the 60-inch length of pipe just prior to
the condenser test section ( See Pigure 2.) . All connec-
tions use cast iron flanges with an =poxy coating finish and
inserts. Bight 3/8-inch bolts 3-inches long and 8

Belleville spring wvashers on each bolt are used to hold %he

18




flanges together. The maximum working pressure recosmended

by Corning for 6-inch glass pipe is 15 psig.

E. DUNP CONDENSER

The stainless steel damp condenser is 6-inches in diam-
etar and 18-inches 1long and proviies for condensing all
excess steaun. Two helically wound co0ils of 3/8-inch copper
tubing, one 5 1/2-inches in diameter and the other 4-inches
in diameter, both 18-inches long, are silver brased to the
bottom plate of the dump condenser. The dump condenser is
flanged for connection with the uppa2r auxiliary section and
the bottom plate. Eight 3/8-inch bolts with 8 Belleville
spring washers on each bo1lt are usad to hold +the flanges
together. The bottom plate was drilled and tapped to accept
a 1-inch aale Swagelok connector for the condensate return
line. A 1/2-inch diametar stainless steel tube near the
bottom of the dump condenser is provided for noncondensable
gas removal. This connection is on an angle %o limit the
amount of condensate removaed from the apparatus during
vacuum operations. A 1/2-inch 3iameter cdonnection is
provided for relief valve protection and a aake uﬁ faed

connection.

19
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F. AUXILIARY SECTION AND FEED PIPING

The stainless steel auxiliary section 1is 6-inches in
diameter and 10- inches long. Flanges are provided ¢to
connect the auxiliary section to tha condenser test section
and the dump condenser. The auxiliary section provides a
four inch diameter connaction for vacuum testing and
provides a space to install a condensate collection device
under the test tube for future studies.

The feed piping is 1-inch sStainless steel piping
connected from the dump condenser to <+he boiler using
Swagelok fittings with teflon ferrules. A one inch Swagelok

nut can be removed from the feed piping for draining the

systen.

6. SUPPORT SISTEAS
1. cooling #ater Systes

Cooling water is supplied 5n a once-through basis
using a tap wvater fitting. To avoid flow variations, the
design is to have a constant supply head <tank. Tap wvater
flovs into the tank and an overflow keeps a constant height
of water. Water is pumped out of the tank through a flow-
seter, into a straightening section, and then through the

test tube. See Pigure 1 for a schematic of +he systesn.




Care vas taken to ensure the water flow is uninterrupted
before reaching the test section s0 as to keep coolant-side
resistance the same from one test tube to the next.

Tap water is supplied directly to the dump condenser
and then to the drain. Both cooling coils are supplied in
parallel from a single water source.

2. Yaguum sSystea

Tvo operational vacuum systess can be used for sain-
taining systea vacuun. The first is a amechanical vacuum
pump with a nitrogen cold trap to pravent moisture carryover
into the pump. The second is an air ejector supplied by 180
psig air. Both systeas will saintain vacuum at any desired
pressure level greater than about 2 psia. If pressures of
less than 2 psia are desired, then the vacuum pump with cold

trap sust be used.

H. INSTRUNENTATION
1. fHeater Rower Control and Iastruments
The heater power controller is an existing Halmar
aodel PA-1-2090 phasesamp single phase silicon controlled
rectifier povwer amplifier designed't: control and requlate
a-c powver. The smaximum voltage out is 440 wvolts and the

maxisua current is 90 amps.
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Heters of 0-300 volts and 0-300 aaps were used for
heater power indication. A voltage divider consisting of
precision vire wound resistors vas used to extend the range
of the voltmeter. Actual voltage is 2.2 times the indicated
voltage. Table 1 gives voltmeter calibration data.

2. Temperature lHeasuramept Systeas

Temperature is measured at tha inlet and the outlet
of the <cooling water flow to the test tube. Condensate
return temperature is also measured. An initial tes*t tube
has been built with six wall thermocdouples 60 degrees apart.
This test tube can be oriesnted so 2s to give teaperatures at
12 angular 1locations arroand the tube. A Hewlett-Packard
3054 computer driven data acgquisition system using a HP
9826A computer driving a HP 3497 intelligent controller
scanner vol+tmeter systea was used for measuring temperature.
This systeam was choosen for its high accuracy and easy data
acjuisition in futher tests. Accuracy of the system is
0.01% of the actual reading.

3. PRressure Heaguresent

Measurement of pressure inside ¢*he condenser <+est
section wvas accoaplished by using a U-tube mercury manometer
vhich was marked off in tenths of an inch. This manometer
vas connected Jjust above the actual tast “ube as shown in

Pigure 3.




IIYT. ASSENALY OF SYSTEN

A thorough cleaning 5f all equipment is necessary to
avoid contamination probleas. Sparkleen, a laboratory
detergert made for cleaning glassware, was dissolved in hot
vater and used to clean all apparatus parts. The parts were
then rinsed with soft water. To pravent contamination, all

sections were handled with latex gloves.

A. ASSEEBLY AND VACUUN TESTING

The boiler section was assembled after cleaning and both
ends blank flanged. All bolts were tightened ¢t5 the maximum
recoaaended torque of S ft-lbs during assembly and after
initial heatup of the complete systen. The boiler section
vas vacuum tested to 4x10-¢ torr. Each section was then
added, piece by piece,and all bolts were tightened to the
maximum torque, and then vacuum testad. The complete systea
vag vacuum tested using the connection in the auxiliary
section. The best vacuum obtained f£for the complete system
vas 5x10-% torr -using an NRC Special G-inch Vacuuam Pumping
Systea. A vacuur of 27 inches of mercury was kept on the
isolated system for 8 days without any noted increase in

pressure.
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Iv. GSISIEN SIARZUP AND IESTING

A, PFULL POWER OPERATION AT ATHOSPHERIC PRESSORE

The boiler was filled with distilled water to a level
six inches above the top 5f the heatars. Cooling wvater was
started through only the duap condeaser cooling coils with
the dump condenser open td the atmosphere. Power was turned
on and varmup of the boiler water was conducted at less than
200 volts to avoid excessive vibrations of the glass piping
caused by nucleate boiling. At high input power levels to
the boiler and at low tamperatures of <the boiler water,
violent nucleate boiling occurred and caused severe vibra-
tions of the boiler and glass piping. When the water bhegan
to boil, the input voltage was coatrolled to avoid over-
pressurizing the appearatus vhile the noncondensable gases
vere forced out of the system froam the duap condenser. The
system wvas run at full power with only cooling water to the
dump condenser. The aaximuam power obtained was 35 kw and
the maxisun steam velocity was 4.67 ft/s. HNaxiamum power vas

limited by the heater input power controller.

28
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B. PFULL POWER OPERATION AT A VACUON

The boiler was filled with distilled water to a level
six inches above the top of the heatsars. Cooling water was
started through both the condenser tast section and the dump
con denser. A vacuua of 1.94 psia was held constant on the
system by throttling a valve to an air ejector. Under a
vacuum, more violent boiling action sccurred. During heatup
of the boiler, vibrations of <the boiler and glass piping
occurred at a lower input powver level than the same condi-
tior except at atmospheric pressura. The maximum powver
obtained vas 35 kw and the maximum steam velocity was 29.5
fr/s.

Haximum power can be obtained under all desirable condi-
tions. During all operations, przssure in the apparatus
never exceeded 1 psig. The minimum design steam velocity
vas obtained under all operating conditions. Condensation
can be vieved under all situations through the double glass
heated window. Figure 10 shows a picture of boiling at 100%
pover at a pressure of 1.9% psia. Pigure 11 shows a picture

of condensation at 100% power under a vacuum.

25
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V. GONCLUSIONG AND RECONNENDATIONS

A. CONCLUSIONS

1. An experimental apparatus has been designed,
constructed and tested that allows studying enhanced conden-
sation heat transfer of steam on horizontal tubes.

2. The ainimum steam velocity of 3 ft/s has been
exceeded under all maximua boiler operating conditions.

3. System tightness has been proven and the system stays

tight after thermal cycling of the apparatus.

Bs RECONNENDATIONS

1. Hook up the 1 psig relief valve and a permanent make
up feed line.

2. Hook up the2 permanent test tube cooling water systena.

3. Calibrate and install all thermocouples.

4. Test the manufactured copper test +tube with six wall
thermocouples.

5. Carry out the study of enhancad test tubes.

26




APPENDIX A

TABLES AND PIGURES

TABLE I

Heater Voltmeter Calibration

Scale Reading True RNS Volts
50 1M
60 134
70 156

L 80 m
30 198
100 218
110 245
120 268
130 292
%0 315
27
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Glass Steam Lines |

Pigure 2. Photograph of the Experimental Apparatus
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Window Heater

-

Dump Condenser

Heater Rheostat

Pigure 3. Photograph of Stainless Steel Cosponents
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Figure 6.

Photograph of the Test Tube Nylon Holders
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Figure 7. Photograph of the Water Mixing Chamber
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Figure 8.

Photograph of the Disassembled
Water Mixing Chamber
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0.5 in. Dia. Holes on A
15.5 in. Dia. Hole Circle

0.5 in Thick

16.75 in. Dio. -'_\
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23/ 32 in. Dia. Holes on A
8.46 in. Dia. Hole Circle

O
l‘in. Dio. Hole O

Figure 9. Details of Boiler Bottom Plate
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Figure 10.

Photograph of the Boiler in Operation
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- APPENDIX B
CALCULATION OP THE STEANM VELOCITY

The following analysis was made +to determine
steam velocities at atmospheric pressure and 1.94 psia.
Let §=ﬂeat transfer rate ‘(Btu/hr)
A=Cross sectional area of steam piping (ft2)
d=Diameter of steaa piping (f¢)
hg=Latent heat of vaporization (Btu/lbm)
p=Density of steam (lbm/ft3)

V=Velocity of steam in steam pipe (f%/s)
Qshh PA Y

v=Q /0 A hfg
Under all conditions considered, d=0.5 ft

therefore A=0,196 ft?
At atmospheric conditions and full powver

Q=35kw=119,525 Btu/hr
P=0,03731 lba/ft3

h;=970.3 Btu/lba , and
V=4.67 ft/s

At 1.9% psia and full power
39
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p=0, 00560 lbm/£ft3
h,g=1022.7 Btu/lba , and
¥v=29.5 ft/s

|

i

p
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- APPENDIX C
CALCULATION OF COOLING WATER TEMPERATURE INCREASE

A set of calculations vwas perforzed to find the teapera-
ture rise of the cooling water for two operating conditions.
A=Cross sectional flow area of the tube (£+2)
A; sInside surface area of the test tube (ft2)
A, 0utside surface area of the test tube (£ft?2)
C=Specific heat (Btu/lba 9P
D; =Inside diameter of the test tube (ft)
Do *Outside diameter of the %“est tube (£%)
h; =Inside convection heat transfer
coefficient (Btush ft2 OF)
he=Latent heat of vaporization
h,=Outside condensation heat :transfer
coefficient (Btush £42 OF)
k=Thermal conductivity (Btu/h £t OP)
L=Length of the test tube (£t)
LATD=Log mean teaperature diffarence (9F)
a=Mass flowv rate (lba/h)
Nu=Nusselt number
Pr=Prandtl numsber

gq=Heat flow (Btu/h)
41
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R, ,=Thersal resistancea of the wall (h OP/Btu)

Re=Reynolds number '

T, sInlet water temperature (9F)

T, =0utlet water teaperature (OF)

U; =Inside area overall heat-~transfer
coefficient (Btushr ftz op)

U, =Outside area overall heat-transfer
coefficient (Btushr ft2 ap)

T, sSteam teaperaturz (9P)

T =Saturation temparature (9F)

V=Velocity (ft/s)

u=Dynamic viscosity (1bf s/ft?)

p=Density of the fluid (ibm/£t3)

Q=Density of the vapor (lbhm/ft3)

The following are calculations of the water side parame-

ters assuming an inlet temperature of 600F. The inside and

outside diameters, and the length are fixed.

D; =0.0439 ft
Do =0.0521 £t

L=0.458 £t

The properties of water for a teaperature of 600F are

given below.

u=2,731X10-% 1bf s/ft2
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P=62.4 lba/ft3
Pr=9.28
k=0.3391 Btu/hr £t OF

C=1 Btu/lba 9F

Assuming a turbulent flov Reynolls nulber of 40,000,
which is near that in operating condensers, vater
velocity can be obtained.

Re=D, V p/y

V=Re u /PD,

¥=12.84 ft/s

The Nusselt number c¢an be obtainel from an equation
Stylianou (Ref. 13] as follows:
Nu=0.03 Re0.% Pri/3

Nu=302.9

The inside convection heat transfar coefficiaent can be
obtained froa the Nusselt number.
hi=Nu k / 4

h; =2338.7 Btu/h ft2 OF

Wall resistance was calculated from the following:
k=223 Btus/h ft Or (for copper)
R,*1ln (Do/D;) / 2 7 k L

Ry=2.656X10-* h OF ,/ Btu

43
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The following is a calculation of steam side parameters at
atmopheric pressure. The properties >f steam are given.
A=59.8 lba/ft3
R=0.037315 lba/ft3
§’=970.3 Btu/lba
k; =0.363 Btu/h ft OF

H=8,89Xx10~¢ 1bf s /ft2

Using the following equation for film condensation on

horizontal tubes by Musselt,
%
ho =0.725 [p(O"Dv) g hyg k@ /uDg (T, - w)]

the outside condensation heat transfer coefficient was
obtained.

ho=4333.2/(T, =T, )t /*
Assuming T,=1260F, then h, is obtained.

he =1422.9 Btu/h ft2z OP

The overall heat transfer coefficient times the area is
given as

1/0, 4, =1/hg Ay ¢1/h; A ¢+ R,,
and U,A,is calculated.

UoAo=61.759 Btus/h o

Given a T, =600PF and a I,,, *2120F, the LATD can be

expressed.
44
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LETD= (T, -609) /1n (1520 /(2120-T,) )

The following two equations are solved for I,.
q=U,A, LHTD
g=s C (T,-T;)
To*62.130F

The temperature rise >f the cooling wvater is 2.130P.

The following is a calculation of the steam side paranme-
ters at 2 psia. The properties of steam are given.
P=61.62 lbm/ft3
o, =0.005659 lbm/ft3
h~=1022.5 Btu/lbm
k; =0.363 Btu/h ft OF
u=1.42x10-% 1bf s/ft2

Tio1 125.40F

sot

The outside condensation heat transfer was obtained in
the same manner as above.

ho=3974.8 / (T, -T,) 1/*
Assusirg T,=900P, h, is calculatzd.

b, =1629.5 Btu /h £tz OF

The overall heat transfer coefficient times the area is

calculated as
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knoving UoAoe hodo, and LMTD and to iterate th: solution if

assumed value,

U, 1,=66.65 Btu /h OF

and then the LMTD is expressed as

LMTD= (T,~-609) /1n(65.49/(125.40-7,)).

Solve g=U,A, LNTD=a C (T,~T;) for T,

T, =60.980F

The temperature rise of the cooling water is 0.980F,

A refinement in each 5f the above calculations would be

recalculate the assumed outsile wall teamperature T,

recalculated T, is substantially different froa the

u6
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APPENDIX D

SAPETY CONSIDERATIONS AND GENERAL OPERATING PROCEDURES

A. SAPETY CONSIDERATIONS

1. HNaximum pressure is 10.5 psiy, 1limited by the boil-
er's maximum pressure.

2. HMaximum pover is 35 kv, 1liszited by the controller
output power.

3. Boiler heaters must resain covered vith water wvhen
energized.

4. Do not exceed 200 volts on varamup of the boiler.

S. During systea tightness tests, a rigid object must be
placed between “he apparatus and <%he vacuus pumping station
to prevent breaking of the glass stzam piping. A flexable
pipe connects the vacuum pumping station to the apparatus
and vhen the pressure is decreased a2 force is developed on
the glass piping.

6. The air supply valvs nust be >pen wheneaver the heated
vindow heaters are energizad.

7. Belleville spring vashers should be on all steam and
boiler connections and arranged in accordance with the

Corning installation manual.
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8. Emergency shatdown of the boiler heaters can be done
vith one of two electrical breakers. One is located on the
end of ¢the panel that holds the heater controller and the
other is located outside the south wall of room 106 in the
large electrical breaker panel. Know *he location of these

breakers prior to running the apparatas.

B. GENERAL OPERATING PROCEDURBS

1. Water can be transferred from the distilled water
storage tank by hose to the boiler any time a vacuuam is on
the boiler.

2. Secure both boiler heater power supply breakers wvhen
the systes is not in use.

3. Allov varaup and cooldown of the heated test section

vindov of about 1/2 hour.
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APPENDIX E
GENERAL STARTUP? PROCEDURE

1. Pill boiler with distilled wvater to a level six
inches above the top of the heaters.

2. For atmospheric pressure operation, open the vent.

2a. Por vacuum operation with the air ejector, start the
air coapressor to charge the air £flasks to 180 psig. Open
the air supply to the air ejector. Open the air ejector
suction line valve to the experimental apparatus. Throttle
the suction line supply valve to maintain the desired
vacuum.

3. Open the valve for the air supply ¢o the condenser
section windov about 1/4 of a turn. Bnergize the heater for
the air by turning the heater rheostat to 30. Adjust rheo-
stat to heep the viewing window hot enough s0 no condensa-
tion occurs on the inside vwindow.

4., Start water flowing to the dump condenser and the
test tube,

5. Shut the two supply breakers for the boiler heaters.

6. Increase *he voltage on the boiler heaters to a

naximua of 200 volts during warmup. If the operating pres-
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sure is very low, use a lower voltage for warsing up *he
system to limit violent boiling actisn that causes vibration
of the glass pipinge.

7. AS steam starts to foram vhen >pera*ing at atmospheric
pressure, air is expelled from the apparatus and voltage to
the heaters should be controlled to prevent exceeding 1 psig
in the apparatus.

8. Once steam reaches the condenser test tube (about 30

ain.), full power operation may begin.
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APPENDIX P

GENERAL SHUTDOWN PROCEDURE

1. Decrease voltage t> the boiler heaters to zero, then
open both electrical supply breakers.

2. Adjust the rheostat for <the heater of the condenser f
vindow air to zero.

3. Secure water to the dump condanser and test tube.

4, If in use, shut the air ejector suctioa valve, shut

the air supply valve to the air ejector, and secure the air

com pressor.

5. If desired, unscrew the Swagelok nut in the feed line
to drain the system.

6. About 1/2 hour after perforaing step 2 above, secure

4he air to the condenser window. A
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